Protein inclusions are associated with a diverse group of human diseases ranging from localized neurological disorders through to systemic non-neuropathic diseases. Here, we present evidence that the formation of intranuclear inclusions is a key event in cataract formation involving altered g-crystallins that are unlikely to adopt their native fold. In three different inherited murine cataracts involving this type of g-crystallin mutation, large inclusions containing the altered g-crystallins were found in the nuclei of the primary lens ®bre cells. Their formation preceded not only the ®rst gross morphological changes in the lens, but also the ®rst signs of cataract. The inclusions contained ®lamentous material that could be stained with the amyloid-detecting dye, Congo red. In vitro, recombinant mutant gB-crystallin readily formed amyloid ®brils under physiological buffer conditions, unlike wild-type protein. These data suggest that this type of cataract is caused by a mechanism involving the nuclear targeting and deposition of amyloid-like inclusions. The mutant g-crystallins initially disrupt nuclear function, but then this progresses to a full cataract phenotype.
Introduction
By the year 2020, the number of blind people in the world will have risen to 45 million (Foster, 1999) . The vast majority of these will be caused by untreated cataract, which not only underlines the huge socio-economic impact of this disease, but also identi®es a very signi®cant and growing medical problem. In fact, there are some 600 000 new cases every year in the USA and UK alone. The development of novel treatments for cataract are needed, but this is hindered currently by our incomplete understanding of the process(es) of cataract formation in lens cells. Here, we have studied a group of mutations in g-crystallins that cause inherited cataract.
The eye lens is an organ that retains all its cells for the lifetime of the organism. It is enclosed in a collagen capsule and is bathed in the aqueous humour and so is completely avascular. The lens ®bre cells that make up the bulk of the lens are post-mitotic, and the differentiation process involves the complete removal of all cellular organelles including nuclei (Dahm et al., 1998) , making these ®bre cells incapable of protein synthesis, DNA replication and RNA transcription. Although there are many other post-mitotic cells in the body that are equally long lived, none of them survive for decades without these key organelles. The lens ®bre cells express a unique set of proteins (Ireland et al., 2000) including the g-crystallins (Graw, 1999) , which are a family of structural proteins in the lens. Several autosomal-dominant human cataracts have been identi®ed which are the result of mutations in g-crystallin (Heon et al., 1999; Santhiya et al., 2002) . In the mouse, there are six distinct g-crystallin-encoding genes (Cryga±Crygf), and mutations in these proteins lead to lens cataract (Graw, 1999) . In this study, three established murine models of cataract have been investigated: Crygb nop (formerly Cat2 nop ), Cryge t (formerly Cat2 t ) and Cryge elo (formerly Elo) (for a review, see Graw, 1999) . All three models have arisen by either a natural frameshift (Cryge elo ), natural deletion (Crygb nop ) or radiation-induced nonsense (Cryge t ) mutations that result in the complete loss of the last (fourth) Greek key motif in domain 2 of the g-crystallins, which is expected to disrupt the b-barrel arrangement of this domain signi®-cantly in each of the mutants. These can be considered as appropriate models for a similar human frameshift mutation in gD-crystallin that also results in the loss of the fourth Greek key motif in domain 2 (Santhiya et al., 2002) .
The g-crystallins are most similar to the b-crystallins as they too comprise domains rich in b-sheets arranged in Greek key motifs to form a b-barrel. Both sets of proteins are largely restricted to the lens, although some b-crystallin expression has been reported in the retina (Head et al., 1991) . Outside the lens, only one protein has been identi®ed thus far that contains bg-crystallin motifsÐ a putative tumour suppressor protein, AIM1, that is widely expressed in many different cell types (Ray et al., 1997; Teichmann et al., 1998) . The g-crystallins are, however, also structurally related to proteins such as IgG and Altered aggregation properties of mutant g-crystallins cause inherited cataract The EMBO Journal Vol. 21 No. 22 pp. 6005±6014, 2002 ã European Molecular Biology Organization transthyretin (Getzoff et al., 1989) . Besides the arrangement of b-sheets in these proteins, the other most notable feature is that both are amyloidogenic (Hurle et al., 1994; Lashuel et al., 1999) , causing disease in both cases (reviewed in Jacobson and Buxbaum, 1991) . The data presented here show that the bg-crystallin motif has similar properties once mutations disrupt the structure and this is the cause of the murine cataracts described in this study.
Results
Mutant g-crystallins form intranuclear inclusions before the ®rst morphological changes in the lens We initially examined the events leading up to cataract formation by a comprehensive study of Cryge t and Crygb nop lenses throughout embryonic development until birth. The data for Crygb nop are presented in Figure 1 . A section through the mutant lens at embryonic day 14.5 (E14.5; Figure 1B ) is comparable with a similar section through the wild-type lens at the same stage of development ( Figure 1A ): the lens vesicle is completely ®lled by primary ®bre cells and the ®rst secondary ®bre cells appear to be formed normally at the equatorial region. By E15.5, however, Crygb nop lenses appear slightly smaller than the wild-type, and swelling of the lens ®bre cells is observed from the lack of stain in the anterior part of the lens (compare Figure 1D with C). The swelling of ®bre cells at the centre of the lens continued until E17.5. Vacuoles become transiently visible at the anterior lateral parts and, although at birth the vacuoles are no longer apparent, the nuclei of the ®bre cells are shifted toward the anterior of the lens (compare Figure 1F with E). The degeneration of the lens centre begins at E18.5 and is progressive throughout the life of the animal. By postnatal day 1, an amorphous mass, which can be clearly identi®ed as a cataract, has formed at the core of the Crygb nop lens ( Figure 1F , arrows). At this stage, however, the anterior epithelium and even the most recently differentiated ®bre cells show no obvious morphological abnormalities.
To correlate these morphological changes with the developmental expression pattern of Cryg genes in the mouse, RT±PCR was performed. At E12.5 and E13.5, we detected expression of Cryga and Cryge/f and weak expression of Crygd, but detected neither Crygc nor Crygb ( Figure 1G ). The latter were ®rst expressed at E14.5, just prior to the ®rst morphological changes at E15.5 for the Crygb nop lenses (compare Figure 1D with C). Similar observations were made for Cryge t . Expression of gB nopcrystallin was ®rst detected at E14.5 by immuno¯uores-cence microscopy ( Figure 1H ). The youngest ®bre cells, found at the lens periphery, were negative for gB nopcrystallin ( Figure 1H ; arrowheads), and this region of the lens appears unaffected at all stages of development ( Figure 1A±F ). In the more central regions of the lens, where gB nop -crystallin is expressed ( Figure 1H , green channel), some of the protein accumulates as inclusions ( Figure 1H , arrow). These are intranuclear ( Figure 1H , inset arrow) as shown by co-localization with the DNA stain, propidium iodide ( Figure 1H , inset, red channel). Note that at this stage, not all the gB nop -crystallin is present in nuclear inclusions. Some material was also detected in the cytoplasm, but not as inclusions ( Figure 1H , bracket). Fig. 1 . Histochemical analysis of the appearance of the cataract phenotype in the Crygb nop mouse compared with the wild-type from E14.5 to birth (P1). At E14.5, the primary ®bre cells ®ll the lumen of the lens vesicle and the ®rst secondary ®bre cells are formed at the lens cortex in both the wild-type (A) and the Crygb (B) lenses. The gB nop -crystallin is ®rst expressed at this developmental time point [see (G) and (H) below]. (C and D) At E15.5, the ®rst phenotypic changes are obvious. The ®bre cells appear swollen and the lens is clearly smaller (D) as compared with the wild-type lens (C). This process continues in the newborn mouse where, in contrast to the wild-type lens (E), the centre of the Crygb nop lens remains opaque and the primary lens ®bre cells become completely disorganized (F, arrows). (G) All six Cryg cDNAs were ampli®ed from E12.5 to P1 from mouse tissues (E12.5±E14.5, head; E15.5, whole eyes; P1, lens). The individual transcripts are indicated along the vertical and the developmental times along the horizontal. The expression of GAPDH was used as a positive control. Cryge/f and Cryga are expressed by E12.5, whereas Crygb is ®rst detected at E14.5. (H) Polyclonal antibodies speci®c to gB nop -crystallin (Klopp et al., 1998) were used to detect the mutant protein in E14.5 lenses. E13.5 lenses were negative (data not shown), but in the E14.5 lens, gB nop -crystallin (green channel) is present both as nuclear inclusions (arrow and inset) and in the lens ®bre cell cytoplasm (bracket) where it is not present as inclusions. This section has been counterstained with propidium iodide (red channel) to locate the cell nuclei. ep, lens epithelium; fc, ®bre cell; re, retina; co, cornea. Scale bars = 250 mm in (A±F) and 30 mm in (H).
gB nop -crystallin expression therefore precedes the ®rst morphological changes in the lens that occur at E15.5.
Immuno¯uorescence microscopy of sections from Crygb nop , Cryge elo and Cryge t lenses taken at E17.5 indicate that the three different mutations all cause the formation of intranuclear inclusions ( Figure 2A±D ). These are exclusively nuclear, and no cytoplasmic inclusions nor any cytoplasmic staining in general were seen post-E14.5
in Crygb nop lenses, despite the fact that in the wild-type lens g-crystallins are evenly distributed throughout the cytoplasm of the lens ®bre cells and are never seen concentrated in inclusions, whether nuclear or cytoplasmic ( Figure 2E , arrows). Using antibodies speci®c to either gE elo -crystallin ( Figure 2C , arrow) or gB nop -crystallin ( Figure 2D , arrow), it is clear that the intranuclear inclusions contain the detectable altered g-crystallin Fig. 2 . Nuclear inclusions are common to the three different Cryg cataracts. These murine models of cataract have altered g-crystallin genes that induce similar structural consequences. Crygb nop is caused by a replacement of 11 bp by 4 bp in the third exon of gB-crystallin at Ser138, generating a unique hexapeptide sequence at the C-terminus of gB nop -crystallin and truncating the 174 amino acid wild-type sequence at residue 144. A C®G transversion in exon 3 accounts for Cryge t , which truncates the protein after residue 143 with no changes to the sequence. Cryge elo is characterized by a single base pair deletion in the third exon of Cryge, and this also introduces a unique hendecapeptide sequence before a premature termination at residue 145 for gE elo -crystallin. Lenses from E17.5 mice from Cryge t (A and B), Cryge elo (C) and Crygb nop (D) were stained (green channel) with polyclonal speci®c antibodies to all g-crystallins (A and B), gE elo -crystallin (C) and gB nop -crystallin (D), and also counterstained with propidium iodide (red channel) to highlight the nuclei. Ep, lens epithelium; fc, lens ®bre cells. Scale bars = 50 mm in (A) and 5 mm in (B±D). (E) Staining of E17.5 lens from a wild-type mouse using polyclonal antibodies that detect all six mouse g-crystallins (green channel), counterstained with propidium iodide (red channel). Scale bar = 5 mm. Ptk2 cells were transiently transfected with wild-type Crygb (F) and Crygb nop (G) both fused to GFP tags to examine the role of the lens environment in nuclear-speci®c location of the inclusions. Wild-type gB-crystallin is found in both the nuclei (n) and cytoplasm of cells, but does not form protein inclusions. gB nop -crystallin forms both nuclear (arrows) and cytoplasmic inclusions (arrowheads) in transfected cells, the two extremes captured in this image (G). Transfected cells containing both cytoplasmic and nuclear inclusions were a more usual observation. Scale bars = 10 mm.
Nuclear inclusions of mutant g-crystallins cause cataract proteins. In Cryge t lenses probed with polyclonal g-crystallin antibodies, the conspicuous absence of cytoplasmic staining in the mutant lens suggests that the nuclear inclusions also seen in this mutant contained the wild-type g-crystallins as well as gE t -crystallin.
The lens environment determines the location of the inclusions of altered protein To explore the importance of the unique environment of the lens to the Crygb nop phenotype, gB-and gB nopcrystallin were expressed as green¯uorescent protein (GFP) fusions in PtK2 cells, which do not originate from the lens. Inclusions of gB nop -crystallin were formed in both the cytoplasmic and nuclear compartments of PtK2 cells ( Figure 2G ) whereas the wild-type protein remained distributed throughout the nuclear and cytoplasmic compartments, but not as inclusions ( Figure 2F ). These data show that inclusion formation per se is independent of the lens environment, but the exclusive formation of nuclear inclusions in the lens could re¯ect the presence of inhibitory factor(s) in the lens cytoplasm.
A likely candidate is a-crystallin, which has been shown to inhibit protein aggregation due to its properties as a molecular chaperone (Horwitz, 1992; Hatters et al., 2001) . We examined the in vitro interaction between a-crystallin and the mutant protein by size exclusion chromatography. In the absence of a-crystallin, recombinant gB nop -crystallin protein eluted in the void volume of the size exclusion column with a retention time of 73 min ( Figure 3A , red chromatogram), equivalent to a mol. wt <2 3 10 6 Da. This indicated a larger size than even native a-crystallin (800 000 Da) that eluted after 91 min ( Figure 3A , black chromatogram). Mixing equimolar amounts of the gB nop -crystallin with a-crystallin gave two peaks, but the gB nop -crystallin peak was shifted and was now not excluded from the column ( Figure 3A , green chromatogram). Subsequent analysis of the protein content of these peaks by SDS±PAGE ( Figure 3B ) indicated that gB nop -crystallin and a-crystallins co-eluted, as both peaks contained both proteins. Both proteins have changed their elution pro®les, which now overlap, indicating that mixed complexes have formed. In contrast, when wild-type g-crystallins were mixed with a-crystallins and subjected to size exclusion chromatography, both proteins eluted as well-separated peaks ( Figure 3A , blue chromatogram). They were mixed together in 6 M urea to promote protein unfolding prior to subsequent dialysis into the elution buffer ready for chromatography. The wild-type g-crystallin peak was well separated from the a-crystallin peak, in line with its expected mol. wt of~20 kDa. These data suggested that a-crystallin associated with gB nop -crystallin, and prevented the formation of large aggregates that were excluded from the size exclusion column. These data support a role for a-crystallins by possibly preventing the formation of cytoplasmic aggregates by gB nop -crystallin and the other mutated g-crystallins, leaving the nuclear deposits as the characteristic histopathological feature.
In the lens, the gB nop -crystallin-containing inclusions ®rst appeared at E14.5 in the very central ®bre cell nuclei ( Figure 1H , arrow). Cytoplasmic staining was also noted, but the cytoplasmic gB nop -crystallin was not present as inclusions. This suggests that other forms of the mutant protein can co-exist with the inclusions, which may be an important consideration for disease mechanisms (Bucciantini et al., 2002) . As a-crystallin levels are signi®cantly reduced in nuclei compared with the cytoplasm of cells (Bhat et al., 1999) , these data offer an explanation for the formation of nuclear inclusions by the altered g-crystallins in lens ®bre cells.
Intranuclear inclusions of gB nop -crystallin disrupt nuclear function
We next investigated the in¯uence of gB nop -crystallin on cellular metabolism and integrity by staining for lensspeci®c proteins. The lens-speci®c intermediate ®lament (A) Recombinant gB nop -crystallin (red chromatogram) elutes in the void volume of a BioSec size exclusion column indicating aggregation to a size signi®cantly bigger than the molecular weight of the monomeric protein (~20 kDa). a-crystallin (black chromatogram), which oligomerizes in vivo to form particles of 800 kDa, elutes after the gB nopcrystallin peak. Wild-type mouse g-crystallins and a-crystallins elute independently when separated on the same column (blue chromatogram): the g-crystallins elute after 148 min, equivalent to their mol. wt of 20 kDa, whereas the a-crystallins elute at 91 min. When puri®ed gB nop -crystallin was mixed in equimolar amounts with a-crystallin, two peaks were observed (green chromatogram). One peak has an equivalent elution time to a-crystallin, whilst the other peak is slightly smaller and shifted from the position seen for gB nop -crystallin alone (major peak in the red chromatogram). OD values have been adjusted relative to those obtained for a-crystallin to allow overlay of the different chromatograms. (B) The protein content of the two peaks from the green chromatogram was determined by SDS±PAGE, and each peak contains both a-crystallin (a) and gB nop -crystallin (N). This shows that gB nopcrystallin and a-crystallins co-elute, indicating that a protein complex has formed between these proteins. Proteins in fractions after 70, 72, 78, 82, 86, 90, 94 and 98 min are shown in tracks 1±8, respectively. Track M contains marker proteins of 30, 17.2 and 12.3 kDa, indicated by dots. The purity of the starting material gB nop -crystallin is shown (track Nop).
protein CP49 enters the lens ®bre cell nuclear compartment only when transcription has been shut down and programmed nuclear destruction has started (Sandilands et al., 1995; Dahm et al., 1998) . Immuno¯uorescence staining shows that some CP49 had entered the nuclear compartment and was found in the intranuclear inclusions of Crygb nop embryo samples ( Figure 4A, arrow) . Cell apoptosis is stimulated in neurodegenerative diseases in response to inclusion formation (Warrick et al., 1998) , and the presence of CP49 in the nuclear deposits is also an indicator that apoptotic events have been initiated (Dahm et al., 1998) as part of the cataract-forming process. Prox1 is a transcription factor needed to maintain both lens ®bre cell differentiation and the expression of Crygb and Crygd (Wigle et al., 1999) . In Figure 4B , Prox1 can be seen in all the cell nuclei in a wild-type lens including the central ®bre cell nuclei ( Figure 4B, arrow) . In the Cryge t lens, Prox1 is clearly absent from the nuclei of the central ®bre cells (Figure 4C , arrow) that also contain the nuclear inclusions. The lens epithelial and early differentiating ®bre cells at the lens equator in the Cryge t lens still possess nuclear Prox1 ( Figure 4C , arrowheads).
The nuclear-speci®c location of the g-crystallin-containing nuclear aggregates and the disruption of Prox1 expression suggest that nuclear transcription is disrupted, and this was investigated using established markers of transcription and monitoring the expression of some key lens proteins. Using antibodies to ®brillarin ( Figure 5A±D ) and coilin (data not shown), it was clear that the transcriptional machinery of E17.5 Crygb nop lens ®bre nuclei was altered signi®cantly. As has been documented for the bovine lens (Dahm et al., 1998) , ®brillarin and coilin are sensitive markers of the transcriptional status of lens ®bre cell nuclei. Just prior to transcriptional shutdown in these cells, the open¯oret staining of ®brillarin ( Figure 5B , arrow) adopted a closed staining pattern, which coalesced further ( Figure 5B , asterisk) as the nuclei break down (Dahm et al., 1998) . In Crygb nop mice, ®brillarin staining was either absent or present in a very diffuse pattern in the nuclei containing intranuclear inclusions ( Figure 5D , arrowheads) compared with wildtype embryos at the same stage (E17.5; Figure 5A and B). The aggregates are visible in the nuclei by the exclusion of propidium iodide staining ( Figure 5D, arrowheads) . The ®brillarin staining also appears irregular in the Crygb nop lenses ( Figure 5C ) compared with wild type (Figure 5A ). Closer examination showed that there is a mixture of nuclei with open ( Figure 5D , arrow) and closed ®brillarin staining patterns ( Figure 5D , asterisk) in the ®bre cells adjacent to those containing nuclear inclusions. The most striking effect of the inclusions has been to disrupt the subnuclear organization of the lens ®bre cells ( Figure 5D , arrowheads), particularly the nucleolar and Cajal body (data not shown) compartments.
These data suggested that lens protein expression patterns are disrupted in the Cryg mutants. Analysis of protein levels from E18.5 wild-type (+/+), hetero-(+/N) and homozygous Crygb nop (N/N) eyes revealed that levels of the lens-speci®c intermediate ®lament proteins, CP49 and ®lensin, are dramatically reduced ( Figure 5E ). In contrast, levels of aA-, aB-, b-and g-crystallin and a third intermediate ®lament protein, vimentin, appeared to be largely unaffected. These latter genes were all expressed prior to the expression of Crygb nop , whilst CP49 was ®rst expressed around E13 in the mouse, explaining why levels of this protein and ®lensin are reduced speci®cally (Ireland et al., 2000) . These data provide the ®rst evidence of the possible transcriptional effects by the altered g-crystallins, which clearly impact upon cataract development.
A similar nuclear inclusion phenomenon is observed in Huntington's disease (HD) in humans (DiFiglia et al., 1997), and it has been suggested recently that mutant huntingtin also alters transcription as an early event in the pathogenesis of the disease (Dunah et al., 2002) . This suggests that there could be other similarities between huntingtin-and gB-crystallin-induced nuclear inclusions. The huntingtin-containing nuclear inclusions sequester protein chaperones, such as HSP70 (Suhr et al., 2001) . The toxic effects of mutant huntingtin can be partially ameliorated by the small heat-shock protein HSP27 (Wyttenbach et al., 2002) , which is closely related to aB-crystallin. Therefore, we probed thin frozen sections of Crygb nop lenses with antibodies to HSP70 and aB-crystallin prior to immuno¯uorescence microscopy. Both HSP70 ( Figure 5F ) and aB-crystallin ( Figure 5G ) were present in the gB nop -crystallin-containing nuclear Fig. 4 . Identi®cation of lens proteins that associate with the g E t -crystallin and gB nop -crystallin nuclear deposits. (A) E17.5 Cryge nop lenses were stained with polyclonal rabbit antibodies to CP49 (green channel) and counterstained with propidium iodide to detect chromatin (red channel). The CP49 localizes to the intranuclear inclusions, suggesting that the nuclei have activated those apoptotic-like responses found in normal lens ®bre cell differentiation. (B and C) Cryosections from E15.5 wild-type (B) and Cryge t (C) mice were stained with polyclonal antibodies to Prox1 (green channel) and counterstained with propidium iodide (red channel). The nuclei of the wild-type lens, including the central ®bre cells (B, arrow), are positive for Prox1, whilst in the Cryge t lens, these same nuclei are clearly Prox1 negative (C, arrow). Prox1 expression is lost from all of the ®bre cells in the Cryge t lens, except for the most recently differentiated cells closest to the lens bow (arrowheads).
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inclusions, indicating further similarities between the formation of nuclear inclusions in the two diseases.
g B nop -crystallin containing inclusions in the lens have amyloid-like properties
The resemblance between the intranuclear inclusions formed by the mutant g-crystallins and the pattern of protein deposition observed in HD prompted us to examine the intranuclear protein inclusions formed by altered g-crystallins for the presence of amyloid-like ®brils. Amyloid ®brils are extensively ordered b-sheet aggregates observed in a wide range of diseases including HD. The role of the ®brils in pathogenesis has been unclear, although recently it has been proposed that species formed early in the aggregation process are the basis for their inherent toxicity to cells (Bucciantini et al., 2002; Walsh et al., 2002) . This is important in the context of the lens-speci®c environment which is enriched in a-crystallin, a protein that not only prevents amyloid ®bril formation and gB nop -crystallin aggregation ( Figure 3A and B) in vitro (Stege et al., 1999; Hatters et al., 2001) , but can also increase the toxicity of Ab (Stege et al., 1999) . Thin sections from an E18.5 Crygb nop lens were stained with Congo red to detect amyloid structures and with haemotoxylin, and viewed by bright ®eld ( Figure 6A ) and¯uorescence ( Figure 6B ) microscopy. Congo redpositive material, indicative of the presence of amyloidlike structures, was seen in the centre of some of the lens ®bre nuclei (Figure 6A, arrows) . In such nuclei, the haemotoxylin-positive chromatin was displaced by the Congo red-positive deposits ( Figure 6A, arrows) . In polarizing light, a few of these positively stained Congo Fig. 5 . Wild-type (A and B) and Crygb nop (C and D) embryos at E17.5 were stained with antibodies to ®brillarin (green channel) and counterstained with propidium iodide (red channel). In the wild-type lens (A), ®brillarin adopts an open¯oret staining pattern in those nuclei that are transcriptionally active (B, arrow) . This pattern then changes in the differentiated ®bre cells, resulting in a compact spot(s), indicating that transcriptional activity is reduced (B, asterisk). In the Crygb nop E17.5 lens (C), the ®brillarin pattern is punctate when compared with the wild-type lens (A). Many of the nuclei appear to have shut down transcription, as shown by the intense coalesced staining for ®brillarin (C and D, asterisk) . Some Crygb nop nuclei retain an open staining of ®brillarin (D, arrow), whilst in the nuclei containing prominent gB nop -crystallin inclusions (arrowheads), the ®brillarin is no longer present in foci. This staining pattern was not observed in the wild-type lens. Scale bars = 50 mm in (A and B) and 10 mm in (C and D). (E) Immunoblotting with antibodies to vimentin, CP49, ®lensin, actin, aB-crystallin, aA-crystallin, b-crystallin and g-crystallin were used to compare levels in E18.5 eye samples from wild-type (+/+), heterozygote (N/+) and homozygote (N/N) embryos. Protein levels appear largely unaffected in all cases except for CP49 and ®lensin. CP49 and ®lensin were detected in the N/+ and N/N samples with higher protein loading levels, indicating that they are still expressed although at signi®cantly reduced levels. Cryosections from E17.5 Cryb nop mice were stained with antibodies to HSP70 and aB-crystallin (F and G, respectively; green channel) and counterstained with propidium iodide (red channel). Some inclusions are stained throughout with the antibodies to the protein chaperones (arrows), whereas in some instances only the periphery of the deposits is stained (arrowheads). Scale bars = 5 mm. red deposits displayed a just discernable colour shift in polarized light, again characteristic of amyloid deposits (Linke, 2000) . Intranuclear aggregates of huntingtin also show variable Congo red staining (McGowan et al., 2000) , but the most sensitive dye-based method for detecting amyloid deposits utilizes¯uorescence of Congo red bound to amyloid (Linke, 2000) . With this technique, the gB nopcrystallin-containing nuclear inclusions were quite clearly Congo red positive ( Figure 6B, arrows) . Other lens ®bre nuclei in the section ( Figure 6A and B, arrowheads) and the collagen capsule of the lens ( Figure 6B, c) did not bind Congo red, as demonstrated by dark ®eld and¯uorescence microscopy ( Figure 6B and A, respectively) , indicating the speci®city of the dye for the amyloid-like deposits. Electron microscopy revealed the ®lament-like substructure of some of these nuclear inclusions in the lens ®bre cells of E18.5 Crygb nop mice ( Figure 6C ). Taken together, these data strongly suggest that the intranuclear g-crystallin-based inclusions contain amyloid-like structures.
gB nop -crystallin forms amyloid ®brils in vitro In light of these ®ndings, we next investigated whether gB nop -crystallin can form in vitro the amyloid-like structures identi®ed by Congo red staining and electron microscopy in the intranuclear inclusions. Electron microscopy of negatively stained recombinant gB nopcrystallin refolded from 8 M urea into 10 mM sodium phosphate buffer pH 7.8 indicates that the mutant protein can form ®brils with a diameter of 6±15 nm ( Figure 6D ), highly characteristic of amyloid structures formed by other proteins, whilst wild-type g-crystallins treated similarly do not ( Figure 6E ). In addition, the amyloidophilic dye thio¯avin T (ThT; LeVine, 1999) binds the gB nop -crystallin ®brils in a concentration-dependent manner and shows the characteristic red shift in absorbance maximum from 410 nm to 445±450 nm (data not shown). The X-ray diffraction pattern derived from dried gB nop -crystallin ®brils aligned using a stretch-frame apparatus demon- Fig. 6 . gB nop -crystallin forms amyloid-like structures. (A and B) E18.5 lens from Crygb nop mice, stained with Congo red and haemotoxylin and viewed by bright ®eld (A) and¯uorescence microscopy (B). Only those nuclei near the centre of the lens are positive (arrows), but those in the outer lens ®bre cells (®), the lens epithelium (ep) and surrounding tissues (e.g. the cornea; co) are all negative (B, arrowheads). The lens capsule (B; c) is also negative. Adjacent sections were stained with gB nop -crystallin-speci®c antibodies to con®rm that the Congo red-positive nuclear deposits contained gB nop -crystallin. Scale bar = 50 mm. (C) An example of a ®lamentous substructure of a nuclear inclusion found in lens ®bre cells of E18.5 Crygb nop mice as seen by electron microscopy. The ®brillar-like substructure of the inclusions is indicated (arrow). Notice the clear ®brous substructure of this region of the inclusion in the insert (C; insert, arrows). This region was located at the edge of one of the inclusions and, as such individual ®laments are not so obvious in the centre of the inclusion, it suggests that either the ®la-mentous material`matures' within the inclusion or that there is a degree of polymorphism in the aggregated forms of gB nop -crystallin. Scale bar = 500 nm. (D) Dialysis of recombinant gB nop -crystallin into 10 mM sodium phosphate pH 7.8, 1 mM EDTA results in the formation of both ®brils (arrows) and small rod-like particles (arrowheads), possibly due to morphological variation and/or the presence of intermediates in ®bril formation. (E) Wild-type g-crystallins do not form ®brils under these conditions. Scale bars = 200 nm. (F) X-ray diffraction of the ®brils assembled from gB nop -crystallin indicates formation of the typical`cross-b' X-ray diffraction pattern characteristic of amyloid ®brils. Re¯ections can be observed at 4.7 A Ê (arrows) and two re¯ections at 10.7 and 12 A Ê (arrowheads).
Nuclear inclusions of mutant g-crystallins cause cataract strates re¯ections diagnostic of the`cross-b' structure characteristic of amyloid ®brils ( Figure 6F ). The meridional re¯ections at 4.7 A Ê represent the hydrogen bonding distance between the b-strands, and the re¯ections observed at 10.7 and 12.0 A Ê represent the distance between adjacent b-sheets arrayed perpendicular to the long axis of the ®brils. These data show that gB nopcrystallin forms amyloid ®brils in vitro and, in combination with the data presented in Figure 6A and B, indicate that the mutant g-crystallins in this study form aggregates that lead to intranuclear amyloid-like deposits and eventually to cataract.
Discussion
The formation of amyloid ®brils by the g-crystallins in mouse models of cataract is analogous to protein deposition in a number of human diseases where mutation of the protein destabilizes the native structure, promoting refolding into amyloid ®brils. The speci®c role of amyloid deposits in human disease is still being debated (Pepys, 2001; Bucciantini et al., 2002; Walsh et al., 2002) and similar questions are being asked of other inclusion-based diseases such as amyotrophic lateral sclerosis (Bruijn et al., 1998) and the glutamine repeat disorders (Sisodia, 1998) which include HD. Here, it is clear that the g-crystallin inclusions precede the ®rst morphological changes in the Crygb nop lens ®bre cells (Figure 1 ). Our data also indicate that gB nop -crystallin is present in both inclusion and noninclusion forms ( Figure 1H ) prior to the ®rst phenotypic changes, contributing to the debate over the relative importance of the soluble aggregates compared with the inclusions to cell toxicity (Bucciantini et al., 2002; Walsh et al., 2002) . Minimally, the data here show the altered g-crystallins have gained a function that is toxic, initiating a series of events that lead to cataract.
The data we have presented suggest that one of the toxic consequences of gB nop -crystallin expression is the disruption of transcriptional processes. For instance, we observed the dramatic reduction in the expression of some key lens ®bre cell proteins ( Figure 5E ) and a general shut down in transcription as revealed by ®brillarin staining ( Figure 5A±D ). There is also the loss of Prox1 from the central ®bre cells from Cryge t lenses ( Figure 4C ), an important transcription factor required for maintaining ®bre cell differentiation (Wigle et al., 1999) . These changes are an integral part of the cascade of events that culminate in the formation of cataract, providing an interesting parallel with the neurodegenerative disease, HD. Here, huntingtin, which also forms characteristic nuclear inclusions, causes transcriptional effects that are early events in the disease (Dunah et al., 2002; Kegel et al., 2002) . Cataract, like HD, is a progressive disease, but our data suggest that the loss of nuclear function is one of the events at the start of this process.
The studies here have concentrated on the frameshift murine Cryg mutations leading to substantial truncation of full-length g-crystallins. The recent discovery of a frameshift mutation in gD-crystallin (Santhiya et al., 2002) that results in a truncated protein lacking the last Greek key motif and is the cause of one inherited human cataract suggests that the Cryg mutants described here are important animal models of human disease. In humans, it has been proposed that the formation of cataract in some of these cases is the result of spontaneous crystallization of the mutant protein (Pande et al., 2001) , and indeed mutation of surface residues promotes crystallization of some proteins (Kmoch et al., 2000) . The frameshift mutations studied herein, however, should be treated as a protein folding disorder rather than a native state aggregation process, as the severity of the mutations involved is unlikely to result in a fully folded protein capable of crystallization. We therefore suggest that some hereditary forms of cataract involving mutations that are able to disrupt the native structure of the g-crystallin signi®cantly may involve the aggregation and resulting deposition of the misfolded protein as amyloid-like inclusions.
Materials and methods

Histological investigations
Embryos of timed-pregnant Crygb nop (formerly Cat2 nop ) mice were bred at the GSF research centre. Either C3H/E1 or (102/E1 3 C3H/El) F 1 hybrid mice were used as controls. Staged embryos are represented in the text by pre®xing the embryological day with`E'. Eyes from six different individuals were ®xed overnight in Carnoy's ®xative and transverse sections (2 mm) were stained with toluidine blue and basic fuchsin, mounted in Eukitt ã (Kindler GmbH, Freiburg, Germany) and then processed for light microscopy (Klopp et al., 2001) . Congo red-and haemotoxylin-counterstained lens tissue was viewed by either bright ®eld (Stokes, 1976) or¯uorescence (Linke, 2000) microscopy. Lens tissue was ®xed in 1% (w/v) paraformaldehyde (PFA) buffered with 0.08 M phosphate buffer for several weeks. After alcohol dehydration, the lenses were embedded in Tecnovit â and 1±3 mm sections cut.
Immunolabelling and immuno¯uorescence microscopy Mouse embryo samples were frozen immediately in liquid nitrogen. Lenses from at least ®ve different animals were used for each experiment, and representative micrographs chosen. In the case of tissue culture cells, coverslips were washed in warm phosphate-buffered saline (PBS). Lens cryosections and tissue culture cells were then ®xed in 4% (w/v) PFA and processed for immuno¯uorescence microscopy (Sandilands et al., 1995) . Sections sometimes were counterstained with propidium iodide at a ®nal concentration of 1 mg/ml to view chromatin. The Vector M.O.M. Immunodetection kit (Vector Laboratories, Cambridge, UK) was used to detect mouse monoclonal antibodies on mouse tissue.
Confocal images were collected with either a Zeiss LSM 410 unit (Carl Zeiss Ltd, Welwyn Garden City, Herts, UK) or a Biorad MRC 600 LSM (Biorad Laboratories, Ltd, Hemel Hempstead, Herts, UK). Digitally stored images were processed using Adobe Photoshop 5.
Primary antibodies
Mouse monoclonal antibodies to aA-crystallin (FitzGerald and Graham, 1991) were generously provided by Dr Paul Fitzgerald (Davis, CA). Actin monoclonal antibodies (AC40) were purchased from Sigma Chemical Co (Poole, UK). Rabbit polyclonal antibodies to CP49 (2981), vimentin (3052), aB-crystallin (3148) and gB nop -crystallin have been described previously (Sandilands et al., 1995; Klopp et al., 1998) . Rat polyclonal antibodies (Q1) to bovine ®lensin cross-reacted with mouse ®lensin (Carter et al., 1995) . The speci®city of secondary antibodies (Jackson ImmunoResearch Laboratories, Stratech Scienti®c Ltd, Luton, UK) was con®rmed by staining samples in the absence of primary antibodies. Primary antibody speci®city was con®rmed by immunoblotting and bȳ uorescence microscopy after prior incubation with antigen, and also by comparison with pre-immune serum.
Expression constructs for g -crystallins Crygb was cloned by RT±PCR from mouse lens RNA using the forward (5¢-TCAGCCATATGGGAAAGATC-3¢) and reverse (5¢-GAAAGTAG-AGTCTCAAAATGCC-3¢) PCR primers. Ampli®ed products were cloned into pGemTeasy (Promega), sequenced on both strands and then compared with the database entry (DDBJ/EMBL/GenBank accession No. Z22573). For bacterial expression, the cDNAs were subcloned into pET23b (Novagen, Nottingham, UK) and overexpressed in BL21(DE3) pLysS (Perng et al., 1999b) . Proteins were puri®ed using a Fractogel EMD-DEAE anion exchange resin (Merck-BDH, Poole, UK). In some experiments, g-crystallins were puri®ed from wild-type mouse or bovine lenses by size exclusion chromatography (Nicholl and Quinlan, 1994) .
For eukaryotic expression, Crygb and Crygb nop were subcloned into the vector pEGFPC1 (Clontech Labs, Basingstoke, UK). Subcon¯uent PtK2 cells were transfected overnight with 4 mg of DNA using calcium chloride. Cells were allowed to recover for 24 h prior to processing for uorescence and electron microscopy.
Lens extracts and immunoblotting
Whole eyes were collected from wild-type, heterozygous and homozygous Crygb nop mice at E18.5 and were immediately extracted by homogenization in Laemmli's sample buffer (Laemmli, 1970) and then boiled. Protein concentrations were determined (Bradford, 1976) , and equivalent protein loadings were analysed by SDS±PAGE. Proteins were transferred onto nitrocellulose (Merck-BDH, Poole, UK) and then blotted (Perng et al., 1999a) .
Size exclusion chromatography
Samples were separated by size exclusion chromatography using a 100 3 1.0 cm Fractogel EMD BioSec650 column linked to a MerckHitachi bio-chromatography HPLC system. Eluting proteins were detected by monitoring absorbance at 280 nm. The column was run at 0.5 ml/min. Samples were separated using either 10 mM sodium phosphate pH 7.4, 100 mM KCl, 1 mM EDTA, or 50 mM Tris pH 7.4, 25 mM KCl, 5 mM MgCl 2 . Elution times were calculated from the injection time to the mid-point of the relevant peak.
Amyloid ®bril formation and characterization in vitro
Recombinant gB nop -crystallin (0.5 mg/ml) was ®rst dialysed into 8 M urea, 10 mM phosphate, 5 mM EDTA pH 8.0, and then dialysed into PBS over 24 h at room temperature via 4 M urea, 10 mM phosphate, 5 mM EDTA pH 8.0, followed by 10 mM phosphate, 5 mM EDTA pH 8.0. Ab 1±40 (Sigma) was used as a positive control. Fibril formation was con®rmed for each sample by negative staining and electron microscopy prior to further analysis. For X-ray diffraction, a 10 ml aliquot of gB nop -crystallin ®brils was suspended between two wax-®lled capillary ends. The capillaries were separated slowly while drying using a stretch-frame apparatus to enhance alignment of amyloid ®brils in the ®bre. A small stalk of ®brils protruding from the end of one of the capillaries was obtained. The ®bre was aligned in an X-ray beam and diffraction images collected in a Cu-Ka rotating anode equipped with a 345 MAR-Research image plate (MAR Research, Hamburg, Germany). Images were analysed using MarView software.
Electron microscopy
For lenses or transfected cells, samples were ®xed in 0.1 M cacodylate buffer containing 1.25% (v/v) glutaraldehyde and 1% (w/v) PFA, post®xed with osmium tetroxide and then dehydrated in ethanol and embedded in epoxy resin before thin sectioning. Ultrathin sections were then contrasted with lead citrate and uranyl acetate and viewed in either a Philips CM12 or a Jeol 1200EX microscope. Images were captured on ®lm, scanned at 1200 d.p.i. and assembled into ®gures using Adobe Photoshop.
Amyloid ®brils formed in vitro were diluted to 100±200 mg/ml and negatively stained using 1% (w/v) uranyl acetate. Grids were viewed in a Jeol 1200EX TEM, using an accelerating voltage of 80 kV.
